It is known that transformer based power supplies for ozone generators have low efficiency, high cost and exhibits a limited frequency range of operation. To overcome these disadvantages, this paper proposes a high frequency ozone generator with the absence of a transformer. The voltage step-up is achieved only by utilizing the resonant tank. This is made possible by a novel combination of ozone chamber materials that allow ozone to be generated at only 1.5 ̶ 3.5 kV p-p . The input to the resonant tank is driven by a PWM full bridge resonant inverter. Furthermore, zero-current zero-voltage switching (ZCZVS) operation is achieved by employing a duty factor of 25% between the switches of the full bridge. The advantages of the proposed system include high efficiency, low cost and the ability to control ozone production by varying the input voltage to the inverter. The prototype is verified by both simulation and experimental results.
I. INTRODUCTION
Ozone gas (O 3 ) is one of the strongest oxidizing and bleaching agents. It is used in many sectors such as agriculture, water supply, waste treatment and pharmaceuticals [1] - [3] . O 3 is generated naturally in the environment by lightening or ultra violet (UV) radiation. Electrically, it can be produced by applying a high potential between two electrodes in an air or oxygen gas chamber, one of which is covered with a thin dielectric material. The space between electrodes, where the gas flows is called the discharge gap. This method of producing O 3 is known in the literature as corona discharge, atmospheric pressure glow discharge or dielectric barrier discharge (DBD). The latter, which is commonly referred to as silent discharge, has been proven to be the best method for ozone generation [4] .
Currently, the main focus of most researcher is to obtain a high ozone yield using a minimum of energy. One possibility way to increase efficiency is to use a high frequency power supply to drive the ozone chamber. By increasing the frequency, the power density applied to the electrode surface is increased, allowing for a decrease in the applied electrode voltage. Due to the bombardment of electrons, the current flows through the discharge gap by means of millions of micro-discharge channels. High frequency operation tends to reignite the previously used micro-discharge channels and as a result the ozone yield is increased [5] . switch, resulting in poor switch utilization. The switch turns on at a nonzero voltage and its output capacitance is not integrated in the resonance circuit. Furthermore, the voltage across the ozone chamber is not sinusoidal. The efficiency of the power stage is approximately 50%− thus limiting its application in the low power range. In [9] , a similar topology was proposed but with an LC resonant tank placed at the secondary side of the transformer. The drawback of this circuit is the high voltage and current stresses in the switch. With the inclusion of an LC tank, its efficiency was increased but ZCZVS could not be achieved. For multiple switch topologies, voltage-fed full bridge resonant inverters are the most popular [10] - [13] . In these circuits, the inductance is placed at the secondary of the transformer to stabilize the discharge. In [14] - [17] , a full bridge inverter using a resonant inductor at the primary side is used to reduce the tuned resonant frequency. For both cases, the presence of the inductor increases the complexity of the circuit and reduces its efficiency. Ozone power supplies using current fed push-pull inverters are implemented in [4] , [18] - [22] . However, the two inductors used as a choke are large, resulting in reduced efficiency.
All of the above-mentioned topologies used a high voltage transformer to achieve a high voltage for ozone generation. These transformers have high leakage inductances that cannot be integrated into the resonant tank because they have no path for flux discharge. Furthermore, high voltage spikes occur due to the leakage inductance, which greatly affect the commutation of the power switches. The transformer exhibits several other disadvantages, namely a limited frequency range of operation due to core saturation, a large size, a high parasitic capacitance and a low efficiency. Moreover, the capacitance of the ozone chamber is magnified by the step-up turn ratio of the transformer. As a result, it presents a high equivalent capacitance as seen from the input side. To alleviate these problems, an ozone power supply based on a piezoelectric transformer (PT) was proposed [23] . Although promising, the resonance bell of the PT is very narrow. As a result, the closed loop is difficult to control. PTs are very expensive and high power PT are not commonly available in the market.
Traditionally, borosilicate glass or ceramic is used as a dielectric material for the ozone chamber. For these materials, a peak voltage in the vicinity of 10 kV is required to initiate an electrical discharge for a 1 mm discharge gap. Recently, the use of mica as dielectric material has been proposed [24] , [25] . Using this material, the initiation voltage (for natural air) for discharge is only around 1.5 kV p-p . The lower breakdown voltage of the mica provides an opportunity to experiment with new topologies for the power converters. Hence in this study, a transformer-less topology is considered.
The objective of this paper is to describe the design, development, and analysis of a high-voltage transformer-less power supply for ozone generation. The required voltage gain is achieved using a resonance technique. No additional reactive element is required apart from the resonant tank.
Other advantages of this topology include reduced cost, simpler design and increased reliability. Furthermore, the topology offers ZCZVS. The soft switching reduces losses and minimizes electromagnetic interference. Another benefit is the integration of the output capacitance of the power switches in the resonant circuit [20] . The soft switching is implemented using a class D-E inverter control. In theory, the efficiency could reach 100% [26] , [ 27] . This paper is organized as follows: Section II outlines the overall proposed system and the ozone generator. Section III describes the analysis of the resonant tank and the ozone generator. The circuit operation is given in Section IV. Sections V and VI show the design and the implementation, respectively. Simulation and experimental results obtained from a prototype are given in section VII. Finally, the paper is summarized with conclusions in section VIII.
II. OVERALL PROPOSED OZONE GENERATION SYSTEM
The proposed ozone generator system is shown in Fig. 1 . It consists of a high frequency PWM full bridge inverter, a resonant tank and an ozone chamber. The latter is modeled using a R-C in parallel.
A. PWM Full Bridge Inverter
In the full bridge inverter, the MOSFETs M 1 , M 3 and M 2 , M 4 are switched in anti-phase to provide a quasi square wave as an input to the resonant tank. The switches are equipped with freewheeling diodes.
B. Resonant Tank
The resonant tank consists of a series L s ̶ C p circuit connected between the inverter and the ozone chamber. The high frequency square wave signal voltage multiplication is achieved by using the resonance. The resonant tank will also act as a filter. As a result, a sinusoidal voltage will appear across the chamber. 
C. Ozone Chamber
The ozone chamber basically consists of two electrodes separated by a dielectric material. It behaves mainly like capacitive load [4] . The chamber used in this work is shown in Fig. 2 . It consists of two aluminum mesh electrodes (outer side covered with copper tape) having a 120 mm length and a 70 mm width. One electrode is covered with muscovite mica having a 0.1 mm thickness. The discharge gap between electrodes is 1mm [24] .
In [28] , a high frequency model of the ozone chamber is presented by a parallel combination of 
where:
The 
III. ANALYSIS OF THE RESONANT TANK AND OZONE CHAMBER CIRCUIT
A circuit diagram of the resonant tank and the equivalent circuit of the ozone chamber is shown in Fig. 5 . The transfer function and the input impedance of this circuit is given by (4) and (8), respectively [29] - [31] .
where ω p is the undamped natural frequency, given by:
and Q p is the loaded quality factor, given by: Fig. 5 . Equivalent circuit of resonant tank and ozone chamber.
where: shows that voltage gain is load dependent and is directly proportional to the load resistance near the resonance.
The resonant frequency of the circuit can be found by taking the derivative of (4) with respect to  and substituting 
IV. CIRCUIT OPERATION
The operating waveforms of the full bridge inverter are shown in Fig. 7 . The equivalent circuits for each of the operating modes are shown in Fig. 8 . An adequate duty factor is employed between the switches operation so that the reactive energy stored in the snubber capacitors and intrinsic capacitors of the switches can be handled without a loss of efficiency. In order to achieve ZCZVS operation, a switching frequency must be selected that is greater than ω r . The circuit operation can be divided into six modes as follows. 
where I P is the peak value of the current through switches M 1 and M 3 . Mode 2 (t 1 ̶ t 2 ): During this mode all of the switches are OFF. The load current is diverted from M 1 and M 3 to charge C 1 and C 3 from 0 to V CC and is given by:
The load current discharges both of the capacitors C 2 and C 4 from V CC to 0 to provide zero voltage switching for M 2 and M 4 and is given by 
The load current discharges C 1 and C 3 from V CC to 0 to provide zero voltage switching for M 1 and M 3 and given by: After mode 6 is completed, which is last stage of the operation period, the cycle of operation is repeated.
V. DESIGN

A. Resonant tank
The resonant tank circuit L s ̶ C p is designed at unity power factor. This operating point frequency is called the resonant frequency, where the voltage, current and losses are at their maximum. The series L s ̶ C p transfers a given average power to the ozone chamber at a certain frequency. If P avg is the average power delivered to the ozone chamber then:
The average power is delivered at the resonant frequency and gain at this point is Q p . The maximum voltage gain (A vm ) is given by:
It is assumed that the output of the inverter is a square wave. The fundamental component amplitude is given by: 
The resonant inductance and capacitance can be determined by combining (6) and (22) so that:
The input current I in can be derived by equating the average product of the current and voltage with the average load power, resulting in: 
B. Snubber Design
The dead time between the switches must be equal to charge the output capacitance of each leg of the inverter [32] . 2 2 CC Q CV  (27) where C is the snubber capacitor across the switch and Q is the total charge of each capacitor. The duty factor employed is Φ = π /2. Assuming, that the current of each switch is sinusoidal:
where I p is the maximum value of switch current. Solving (27) and (28) gives the value of the snubber capacitor.
(1 cos )
VI. IMPLEMENTATION
The design procedure is verified by implementing a prototype power supply for an ozone chamber. The ratings are as follows: input voltage: 50 V, input power: 10 W and switching frequency: 30 kHz.
A. Control Circuit
A circuit diagram of the control circuit is shown in Fig. 9 . It provides the gate drive signals for the IRFP460 MOSFETs M 1 -M 4 in Fig. 1 . The gate drive signals are generated by regulating the pulse width modulator (PWM) IC LM3524D. The frequency of the drive signal can be calculated by the voltage controlled oscillator (VCO), which can be determined by the values of R and C connected at the pins R t and C t . The outputs of the LM3524D are two NPN transistors, driven 180 0 out of phase. Each output of the PWM IC is used to drive two inputs of the SN7407 buffer. The duty cycle of the outputs can be varied by the voltage applied at the COMP pin of the PWM IC.
The outputs of the buffers are used to drive the four HCPL-3120 opto-couplers. The outputs of the opto-couplers provide the gating signal for the full bridge inverter.
B. Resonant Inductor
The desired value of L S , obtained from (23) is 35.78 mH. The inductor maximum voltage is 3.5 kV p at the resonance frequency. The rms current I L, rms from (26) is 0.35A. The resonant inductor is implemented by placing isolation between two layers of the turns as shown in Fig. 10 .
The L S is designed by the area product (A P ), approach. The formula for A P , [33] is given by (30) as:
where B m is the operating flux density, J is the current density, K u is the window utilization factor and I pk is the peak current of the inductor.
According to the design an ETD54 3C90 ferrite core is used to build the resonant inductor.
C. Resonant Capacitor
The desired value of C P , obtained from (24) , is 543 pF. Since the voltage across the resonant capacitor is 3.5 kV p , it is implemented by a series-parallel connection of medium-voltage capacitors. Four film polypropylene capacitors of 1500 pF nominal capacitance and 700 Vrms are connected in series, which results an equivalent capacitance of 375 pF. Six film polypropylene capacitors of 1000 pF 
VII. SIMULATION AND EXPERIMENTAL RESULTS
A prototype has been implemented and tested using the above calculated values. Furthermore, the circuit is simulated in MATLAB/SIMULINK. The resonant frequency is set to 29.5 kHz. The voltage gain at the resonant frequency is 45. The switching frequency of the inverter is selected at 30 kHz, which is above the resonant frequency. This is done to achieve the ZCZVS condition. The switching frequency is kept constant, while the voltage of the ozone chamber is varied by varying the input voltage. The input voltage of the inverter is varied between 25V and 35V. Fig. 11 illustrates the current and voltage waveforms at the input of the resonant tank. The operation is performed above the resonance and the resonant tank represents an inductive load to the inverter. As can be seen, the current lags the voltage. Fig. 12 shows the switching signals of the MOSFETs together with the output current of the inverter. As can be seen, the power switches turn on at zero current. As a result, the turn on switching loss is zero. However, there are turn off losses in the power switches. As explained in section IV, in mode 2, at 25% of the duty cycle, the switches M 1 and M 3 turn off. This starts the commutation process. The inverter output current discharges C 2 and C 3 while charging C 1 and C 4 . When the voltages across C 1 and C 4 reach V CC , the voltages across C 2 and C 3 becomes zero. 13 shows the switching signals and the voltage across the switches. As can be seen, when power switches turn on, the voltage across each switch falls to zero. Consequently, no high voltage spikes occur during the turn off process. The maximum voltage that appears across power switches is equal to the inverter input voltage. Typically, high voltage spikes occur during turn off due to the leakage inductance of the transformer [20] . Fig. 14 illustrates the voltage and current waveforms of the ozone chamber. Clearly, the voltage and current waveforms are sinusoidal. The current leads the voltage because the switching frequency is fixed and the ozone generator behaves as a capacitive load. The effect of micro-discharges can be seen in the current waveforms. By increasing the voltage, the amplitude and duration of the micro-discharges increase in both cycles of the current waveform. As a result the ozone production increases.
In general, the simulation and experimental results are in good agreement, which confirms that the proposed model parameters are valid. Fig. 15 shows the variation of the ozone quantity (mgO 3 / Whr) with respect to the inverter input voltage. The ozone generator was fed with a 95% oxygen flow of 1 L/min. As can be seen, by increasing the input voltage, the ozone production increases. The input power is about 3.6 to 7 watts. The maximum ozone output is 20 mgO 3 /Whr. This ozone quantity is higher than the low power atmospheric pressure ozone generators reported in [8] , [34] . Fig. 16 shows the overall efficiency of the inverter. To ensure the accuracy of the measured voltage and current, a high accuracy, high bandwidth LeCroy 600MHz oscilloscope is used. The maximum inverter efficiency is about 86%.
A comparison of efficiency of the proposed transformer-less power supply with that of other transformer based supplies is shown in Fig. 17 . This comparison indicates that the efficiency of the transformer-less power supply is greater than that of a ferrite core based transformer. However, it is less than that of a PT-based power supply. This is to be expected due to the non-winding nature of the PT. Despite this fact, the PT has several limitations as described in the introduction section.
VIII. CONCLUSION
In this paper, the development of an ozone generator without a transformer has been investigated. The advantages of the proposed system are its high efficiency, smaller footprint and lower cost. The voltage step-up is achieved only by an L s ̶ C p resonant tank. By using muscovite mica as a dielectric material, ozone can be generated at about 1.5−3.5 kV p-p . Furthermore, ZCZVS operation is achieved by employing a 25% duty factor between the MOSFETs of the inverter bridge. To validate the viability of the proposed system, a prototype ozone generator is constructed. The simulation and experimental results are found to be in close agreement with the theoretical predictions.
